Using density-functional theory, we predict stable alloy configurations (ground states) for a 1 nm Pt-Pd cuboctahedral nanoparticle across the entire composition range and demonstrate their use as tunable alloy catalysts via hydrogen-adsorption studies. Unlike previous works, we use simulated annealing with a cluster expansion Hamiltonian to perform a rapid and comprehensive search that encompasses both high and lowsymmetry configurations. The ground states show Pt(core)-Pd(shell) type configurations across all compositions but with specific Pd patterns. For catalysis studies at room temperatures, the ground states are more realistic structural models than the commonly assumed random alloy configurations. Using the ground states, we reveal that the hydrogen adsorption energy increases (decreases) monotonically with at. % Pt for the {111} hollow ({100} bridge) adsorption site. Such trends are useful for designing tunable Pd-Pt nanocatalysts for the hydrogen evolution reaction.
B imetallic nanoparticles (nanoalloys) have found use in a number of applications, including catalysis. 1 Although the properties of nanoalloy are highly affected by the configurations (atomic arrangements) that exist, it is difficult to experimentally determine the exact chemical ordering, 2,3 which differs from the bulk phase as well. Bulk alloys that mix may not do so in nanoalloys because differences in surface energies could drive the formation of core−shell (segregated) configurations. 4 Hence, many computational studies are focusing on structural predictions of nanoalloys. For Pt−Pd nanoalloy, structural searches via empirical potentials, 5, 6 tight-binding, 7−9 and more recently via (first-principles) density functional theory (DFT) calculations 10 have been done. As empirical potentials are sensitive to parametrization, first-principles calculations are preferred when highly accurate structural energies are required. However, the latter is computationally expensive, and a direct search for low-energy configurations on a fixed shape nanoalloy quickly becomes intractable with increasing particle size; an natom bimetallic particle would require 2 n evaluations. To reduce the search space, one may artificially group atomic sites with equivalent symmetry 10 and restrict the search to only a few symmetry-preserving stoichiometry. Such a search would miss energetically stable configurations of low symmetry.
To conduct a comprehensive search for stable nanoalloy configurations, we use the cluster expansion (CE) method 11  the search is not restricted to high-symmetry configurations. A cluster Hamiltonian is constructed from a set of DFT energies of various configurations and its success is built upon the fact that the strongest cluster interactions are usually short ranged in metal alloys; 12−14 one only needs a finite number of cluster interactions to reproduce accurately the configuration energies. Coupled with Monte Carlo simulated annealing, the CE enables a rapid but extensive search over ∼10 6 configurations for low-energy states. We show that, for a 1 nm particle, the ground states exhibit Pt(core)-Pd(shell) configurations across all compositions with specific Pd patterns which may not be of high symmetry.
An alloy-composition map detailing site-specific occupation 15 is of great use for designing nanoalloy catalysts as specific chemical ordering in alloy catalysts strongly impacts catalytic behavior via ligand 16 and ensemble 17 effects. In the absence of such knowledge, catalytic models are often built using random solutions. 18, 19 Comparatively, the ground states are more realistic models for catalysts operating under room conditions, as they are energetically more stable and agree better with structural data from experiments (see the Supporting Information). Using hydrogen atom as a probe, we perform a systematic study of the hydrogen adsorption energies (E ads ) at specific sites using the predicted ground states at different at. % Pt. This leads to an interesting discoveryE ads of different nanoparticle (NP) facets exhibit opposite trends. Using the adsorption energies, we further speculate how the addition of Pd to Pt would improve the catalytic activity for the hydrogen evolution reaction (HER). 20, 21 Our calculations show that the activity in 1 nm-size Pt NPs is lower than that of Pt surface due to size effect, 22, 23 and the addition of Pd improves the catalytic activity by appropriately tuning E ads . Although one ideally desires a temperature−composition−coverage phase diagram, where coverage effects may potentially alter local atomic arrangements, limited H-adsorption cannot change the trends predicted here, as discussed.
Computational Model and Approach. For FCC metals or alloys, commonly observed FCC-derived NP shapes include the truncated octahedron and cuboctahedron 1, 24 and possibly the icosahedron in the free-standing case. For ∼1 nm size Pt NPs, although amorphous clusters 25 are preferred, Hadsorption has been shown to stabilize the cuboctahedron NP by removing the shear instability of {100} facets. 26 In addition, cuboctahedral Pt−Pd nanoalloys with diameters between 1 and 5 nm (with Pd segregated to the outer shell) have been observed experimentally for particles prepared via colloidal synthesis 2,3,27 and via laser vaporization techniques. 28, 29 As such, we use a 55-atom cuboctahedron (∼1 nm in diameter) as the model for the nanoalloy with each atomic site being occupied by either a Pd or Pt atom. Energies of nanoalloy configurations are computed using density functional theory (DFT) 30, 31 to obtain reliable relative energies. DFT calculations were done using Vienna ab initio simulation package (VASP) 32, 33 within a projected augmented wave (PAW) basis, 34 based on the generalized-gradient approximation (GGA) using the PW91 35 exchange-correlation functional (revised PBE functional 36 for H adsorption).
Using calculated DFT formation energies as the learning set, we construct a CE Hamiltonian for the Pd−Pt cuboctahedron. The Hamiltonian is a linear expansion in terms of atomistic cluster correlations, and with appropriate truncation, one only needs a small set of clusters to accurately reproduce the alloy configuration DFT energies. Because only atomistic interactions are present, the CE enables rapid evaluation of millions of configurations, sufficient to address reliably alloy thermodynamics, and has been applied extensively to bulk alloys 11,12,37−50 and recently nanoalloys. 15, 51, 52 An iterative procedure combining CE with simulated annealing is used for searching low-energy configurations where newly predicted stable configurations are verified by DFT; a feedback procedure is used where the new DFT energies are added to the learning set for constructing the next CE. Additional details are furnished in the Supporting Information.
Results and Discussion. Pd−Pt Nanoalloy Ground States. The iterative search results in a formation energy database of 340 configurations which are shown in Figure 1 . The formation energy (from DFT) of each configuration, σ⃗ , is defined as
with x Pt and x Pd the Pt and Pd compositions, respectively, and they satisfy the sum rule, x Pt + x Pd = 1. Most initial ("guessed") configurations, some of which are of high symmetry, have high E f as they are generated without a priori knowing the lowenergy states. This shows that a restricted search over high symmetry configurations 10 is insufficient for identifying ground states. The CE in tandem with simulated annealing directs the search toward low-energy configurations; a high proportion of low-energy configurations are obtained in subsequent iterations. A lowest-energy hull is constructed, and it serves as the lower energy bound of the nanoalloy configurational energies.
Configurations on the hull are ground states. States close to the hull are relatively more stable (low-energy excitations of the ground states) and are thus more likely to be observed in experiments at low temperatures. Formation energies of random alloy solutions are calculated using the CE Hamiltonian (see the Supporting Information), and the energy differences between the ground states and their corresponding random alloy solutions are a measure of their relative stability. We illustrate in Figure 2 selected ground states and nearground states, showing site-specific occupation at different compositions. Importantly, the ground states exhibit Pt(core)− Pd(shell) properties across all compositions. This implies that Pt(core)−Pd(shell) nanoalloys (of ca. 1 nm) are energetically favored and indeed, the perfect core−shell structure, GS 13 , has the lowest formation energy. The preference for Pt in the core can be attributed to its higher cohesive energy than Pd while having almost the same atomic radius. 4 For Pt-rich compositions, one observes that the initial preferred segregation site for Pd is at the surface edge. These sites are populated with Pd (see GS 47−54 ) on two of the {100} facets before face-center sites are populated (GS 41, 45 ). At Pdrich compositions, Pt first occupies the central core site (GS 1 ) followed by the second inner shell (GS 2−13 ), and the formation energy decreases monotonically with each addition of Pt, clearly showing Pt's preference for core sites. When Pt atoms are added beyond GS 13 , Pt starts to occupy the surface edge sites (GS 14−19 ) , and the formation energy increases.
Segregation Profile Versus (100) Semi-Infinite Surface. The 55-atom cuboctahedron consists of mainly {100} facets. To show the effect of nanosize on alloy segregation, we compare the nanoalloy ground states with those obtained from a (100) semi-infinite surface modeled as a four-layer slab (see the Supporting Information). As shown in Figure 3 , segregation of Pd (Pt) to the surface (subsurface) layers is also preferred. The ground state at x Pt = 0.5, whose top (subsurface) layer is fully occupied by Pd (Pt), has the lowest formation energy (see Figure S3 ). The specific ordering pattern on the (100) surface, however, differs. In particular, Pd atoms exhibit a zigzag chain at x Pt = 0.75 ( Figure 3 ) and a dimer arrangement at higher Pt concentration of x Pt = 0.875 ( Figure S4) , which are not observed in the nanoalloy case.
Nanoalloy Ground States Versus Random Alloys. Here, we justify the use of Pt(core)−Pd(shell) ground states (rather than random alloy states 19 ) as catalytic models at room temperatures. From Figure 1 , the energy of the perfect core−shell structure (GS 13 ) is 47 meV below that of the random alloy (ordering energy). As an estimate, observations of random states will become significant around 550 K at nearby compositions. Likewise, observations will be core−shell like between 0.1 < x Pt < 0.85 at room temperatures (300 K), since the ground states are at least 26 meV more stable than random solutions in this range. Furthermore, the nearest-neighbor coordination numbers of the core−shell ground states are closer to experimental values than those obtained for random solutions (see Table S3 ).
Hydrogen Adsorption on Surfaces versus Nanoparticles. Before showing how Pd−Pt compositions affect hydrogen adsorption, we do a systematic evaluation of H adsorption on Pt and Pd cuboctahedron. In addition to their common occurrence in experiments, the cuboctahedron structure of Pt is also stabilized by adsorption of atomic H. 26 Adsorption energies are calculated via
E M−mH is the DFT energy of the nanocluster (or surface) with m adsorbed H atoms; E M and E H 2 are the DFT energies of the bare nanocluster (or surface) and H 2 molecule. A more negative E ads implies stronger adsorption. Table 1 compares the adsorption of a single H atom (n = 1) on various NP adsorption sites. To elucidate the size effect, we compare the results with those from semi-infinite surfaces. The H coverage on the NP corresponds to 1/42 monolayer (ML), while that of the surfaces corresponds to a 0.25 ML; E ads of the surface may be lowered by ca. 0.03 eV when the results are extrapolated to 1/42 ML. 53 In general, H binds more strongly to Pd (Pt) on {111} ({100}) surfaces/facets. For Pt NP, adsorption at {100} bridge sites is most energetically favored, while that of {111} hollow site (hcp and fcc) is least favored. In contrast, a Pd NP shows stronger adsorption on {111} hollow sites than on the {100} bridge sites; adsorption on atop sites is highly unfavorable. Surfaces and NPs of the same metal display similar preferences for adsorption facets and sites, although the adsorption energies are altered due to the size effect. Interestingly, different facets on Pd and Pt are impacted differently. Adsorption strength on Pt NP {100} bridge site is enhanced over that of the (100) surface, while adsorption on {111} hollow sites is weakened compared to (111) surface. The reverse effect is seen for Pd, where adsorption on NP {111} hollow ({100} bridge) site is stronger (weaker) than those of semi-infinite surfaces.
H-Adsorption on Nanoalloy Ground States. Table 1 clearly shows that Pt NP adsorbs H more strongly (weakly) at bridge ({111} hollow) sites than Pd NP. Similar systematic evaluations are also shown for GS 13 and GS 45 , and in most cases, the adsorption energies lie between that of Pd and Pt cases. As a simple indicator of how alloying affects adsorption properties, 19 we calculate the mean E ads of multiple H atoms adsorbed symmetrically on each facet for each unique adsorption site of interest in the selected ground states; for example, we adsorb one H atom on one of the bridge sites "a" on all six {100} facets (see Figure S6 of the Supporting Information). Mean adsorption energies are obtained using (2) . The results in Figure 4 show that the adsorption energies on bridge sites and {111} hollow sites follow opposing trends. Bridge sites are most stable for compositions above ca. 15% Pt, while {111} hollow sites are most stable below 15% Pt. At Pt-rich compositions, adsorption energies at bridge sites are lower by ca. 0.4 eV compared to hollow sites, and this energy difference changes in a quadratic manner with composition. At Pd-rich compositions, {111} hollow sites are more stable by ca. 0.1 eV (compared to bridge sites), and the energy difference changes linearly with composition. This implies that adsorption characteristics are more sensitive to composition changes for Pt-rich alloys. The continuous change in adsorption energies demonstrates the possibility of tuning catalytic properties via alloying.
H-Adsorption Effect on Segregation. To show how Hadsorption affects segregation in nanoalloys, we compare the relative stability of configurations at x Pt = 29/55, before and after H-adsorption at various sites and H-coverage in Figure 5 . We note that Pt (Pd) prefers the core (shell) for the bare nanoalloy and H adsorbs more strongly to Pt at the bridge site (see Table 1 ) and may thus induce Pt segregation to the surface. For all configurations, the E ads is calculated using (2) 
a For NPs, adsorption energies are followed by location indices shown in Figure 2 with E M being the energy of bare GS 29 ; hence E ads measures the relative stability of configurations with adsorbed H. Figure 5 shows that, at low-H coverage, configurations with the same number of Pt (Pd) at the core (shell) have comparable stability (or E ads ). In contrast, configurations with more Pt in the shell could result in E ads being 0.4 eV higher than that of the most stable case. Specific atomic arrangement on the shell affects stability to a lesser extent than if Pt atoms were segregated to the surface, which is also reflected in the CE (compare the single-point and multibody effective cluster interactions (ECI) in Table S1 of the Supporting Information). Thus low-coverage H-adsorption does not change the segregation behavior as the energy cost for Pt segregation to the shell is large. However, at high coverage (0.5 ML and beyond), E ads are no longer sensitive to segregation; all energies are within 0.07 eV of one another. The energy cost to move Pt to the shell is now compensated by the stronger binding to Pt by a large number of H atoms at the bridge sites. Importantly, the E ads of GS 29 differs from the most stable case by at most 0.06 eV in all instances. Thus, errors incurred (using ground states of bare nanoalloy in adsorption calculations) are small enough not to alter the trend in Figure 4 , which we can safely use to discuss the catalytic activity of HER below.
Effect on Hydrogen Evolution Reaction. To show how the adsorption trends would affect the catalysis of HER, (1/2)H 2 ↔ H* ↔ H + + e − , we utilize the model by Nørskov et al. which predicts the catalytic activity of HER electrodes via the adsorption free energies of H. 21, 54, 55 For transition-metal surfaces, the free energy of adsorption is approximately ΔG H* = E ads + (0.04 + 0.20) eV (see the Supporting Information). Good HER electrocatalysts have values close to the optimal value of ΔG H* = 0 or E ads = −0.24 eV. Between the boundaries of E ads = −(0.24 ± 0.08) eV in Figure 4 , the adsorption site is expected to be more active than the hollow site of Pt (111) surface (our benchmark). Considering bridge sites and {111} hollow sites of Pt cuboctahedron, the adsorption at bridge (hollow) site is too strong (weak); Pt cuboctahedron is likely to be less catalytically active than Pt (111). Adding Pt, the H adsorption energies on the {111} and {100} facets are tuned continuously. At ca. 0.3 Pd, the H adsorption energy at {111} hollow site falls within the boundaries, and the activity of this facet is comparable to that of Pt (111). However, the bridge sites remain blocked by H atoms. A further increase in activity is expected beyond ca. 0.6 Pd, when the H adsorption energy at bridge sites also falls within the boundaries. Now both {111} and {100} facets are more active than Pt (111). The effective adsorption coverage considered for the NP are between 0.14 and 0.19 ML (see Figure S6 ), which are close to that of the surface at 0.25 ML. For more accurate predictions, adsorption energies at equilibrium H coverage are required. 53, 56 Conclusions. Using first-principles-based cluster expansion method together with simulated annealing, we conducted a comprehensive search for ground states of a 55-atom Pd−Pt cuboctahedral nanoalloy. The ground states exhibit Pt(core)− Pd(shell) structure across all compositions, agreeing with experimental findings. We calculated the hydrogen-adsorption properties of the ground states, showing that the energy trends versus Pd−Pt composition depend on adsorption site. In particular, adsorption energies on {111} hollow sites and {100} bridge sites exhibit opposing trends. We demonstrated the possibility of tuning NP catalyst behavior via alloying for the hydrogen-evolution reaction. . Mean E ads of H on selected ground states for adsorption sites (see Figure 2 ), a (circle), b (square), d (+), e (cross), g (diamond), and i (triangle). Ground states include GS 13 , GS 19 , GS 29 , GS 39 , GS 45 , pure Pd, and Pt. Best-fit curves are shown for sites a, b, and e. E ads on bridge sites (a and b) follows a similar trend (strong at Pt but weak at Pd), as do atop sites (g and i). Hollow sites on {111} facets (d and e) show an opposite trend. E ads bounded between horizontal dotted lines are predicted to be better HER catalysts than Pt (111) surface. 4 
